Introduction
Fish otoliths are complex polycrystalline structures, composed of trace elements and calcium carbonate crystallized as aragonite (96%) in a protein matrix and small quantities of other minerals (Campana, 1999) . These structures are placed in the inner ear of fish and are involved in hearing and maintenance of equilibrium (Popper & Zhongmin, 2000) . The concentration of the elements deposited in the otoliths, including strontium (Sr) and zinc (Zn), may be largely affected by the chemical composition of water, and secondarily by temperature (Campana, 1999; Wells et al., 2003; Ranaldi & Gagnon, 2008) . In particular, the concentration of Sr in the otoliths of anadromous and freshwater species was found to be positively correlated with water salinity (e.g., Kraus & Secor, 2004; Sturrock et al., 2012; . However, the relationship between the otolith Sr and salinity tends to be weak and remains unclear for marine species (Brown & Severin, 2009; Sturrock et al., 2012) . The fact that the incorporation of Sr into the otolith is affected by the environment makes this element a useful tool to study fish displacements and identify fish stocks (Secor et al., 1995; Zlokovitz et al., 2003; Kraus & Secor, 2004; Schuchert et al., 2010; Tabouret et al., 2010; . On the other hand, the concentration of Zn in the otoliths may be closely associated with fish diet. For this reason, Zn is a potential habitat indicator (Ranaldi & Gagnon, 2008) , especially when the otolith Sr:Ca ratio proves to be inadequate, as for some coastal marine species (Brown & Severin, 2009; Sturrock et al. 2012) . Unlike the otolith Sr:Ca ratio, the Zn:Ca ratio decreases with water salinity (McCulloch et al., 2005) .
In the last years, the chemical composition of the otolith has been used to differentiate fish stocks of diverse commercially important species from the southwestern Atlantic Ocean, such as the whitemouth croaker (Micropogonias furnieri) (Volpedo et al., 2007) and longtail hake (Macruronus magellanicus, presentlya junior synonym of Macruronus novaezelandiae) (Schuchert et al., 2010) .
The Brazilian flathead, Percophis brasiliensis Quoy & Gaimard, 1825, is a demersal species that inhabits the southwest Atlantic coastal waters, from 23°S (Rio de Janeiro, Brazil) to 47°S (Santa Cruz, Argentina) (Barreto et al., 2011) . Its distribution is mainly associated with water salinity, with 5-to 8-year-old specimens being more frequently found in high salinity waters (> 33.7SPU) and younger specimens (< 4-7 years old) in lower salinity waters (approx. 20-30 PSU) resulting from the discharge of different rivers (Barretto, 2007) .
In Argentinean waters, P. brasiliensis is exploited by multi-species multi-fleet fishery, with commercial capture operations being more frequent in spring and summer, between 34º and 42ºS (Rico & Sáez, 2010) . The catch of this species has progressively increased since 1997 (Rico & Perrotta, 2009) , with approximately 8200 tons landed on Argentinean and Uruguayan coasts during 2012 (Minagri, 2012) . However, sustainable fishery management practices have never been implemented, due to the scarce information available for the identification of P. brasiliensis stocks. On this regard, Braicovich & Timi (2008) have suggested the occurrence of three fish stocks in the Argentine-Uruguayan Common Fishing Zone (AUCFZ), El Rincón (ER) and San Matías Gulf (SMG) (Fig. 1 ), based on the study of parasites. However, this has not been properly validated with other methodologies.
The objective of the present study was to evaluate the simultaneous use of the Sr:Ca and Zn:Ca ratios of the sagitta otolith as a potential indicator of the habitat of P. brasiliensis along a latitudinal gradient in the southwestern Atlantic Ocean (34-42°S and 51-67°W), to reliably identify fish stocks. For this purpose, Sr:Ca and Zn:Ca ratios of the otolith were compared between age groups and three different areas from southwestern Atlantic Ocean (Argentine-Uruguayan Common Fishing Zone, El Rincón and San Matías Gulf).
This information is important for the sustainable exploitation of the species and the development of evaluation models. 
Material and Methods
A sampling campaign was carried out from November to December 2005 (spring) in the Buenos Aires Coastal Ecosystem (ECB), between Argentine-Uruguayan Common Fishing Zone (AUCFZ; 34º-38.5ºS) and El Rincón (ER; 38.5-42ºS) ( Fig. 1) , over a bathymetric range of 5-54 m (Fig. 1 ). Another sampling campaign was carried out in November 2009 (spring) between latitudes 40.5º-41.5ºS, San Matías Gulf (SMG) (Fig. 1) . Brazilian flatheads were caught in 225 bottom trawls that used an Engel trawl (mesh size of 200 mm in the wings and 120 mm in the codend, vertical height of 4 m and horizontal opening of 15 m), similar to that used by commercial fishing vessels operating in the San Matías Gulf (SMG). The total number, sex, total length (TL, in centimeters) and total weight (TW, in grams) of the Brazilian flatheads caught in each fishing set were recorded. The sagittae otoliths were removed from each specimen of Percophis brasiliensis (voucher specimen PPGSMB 684, at Instituto Nacional de Investigación y Desarrollo Pesquero (INIDEP) collection, Mar del Plata, Buenos Aires, Argentina); one otolith of the pair was used for age determination and the other for the analysis of Sr:Ca and Zn:Ca ratios.
Age determination. Sagittae otoliths were embedded in opaque epoxy resin and sectioned transversely through the core to a thickness of 0.5 mm using a micro-cutter (Maruto MC-201). The opaque bands of these sections were counted by two independent readers under incident and transmitted light using a stereomicroscope (Nikon SMZ 10A) at 40X magnification. The age of each specimen was determined to the nearest year unknowing its length and sex. If the two independent readings differed, then the otolith was discarded. The validation of the periodical occurrence of opaque bands was established from a previous study performed by Barretto et al. (2011) ; hence, age determination of the specimens was precise and acceptable.
Determination of otolith element:Ca ratios. A total of 143 sagittae otoliths were selected, cleaned with distilled water, dried, weighed to the nearest 0.1 mg in an analytical balance, and then digested with 50% nitric acid on a sand bath at 400-450°C. Otolith Sr (line: 474.771) and Zn (line: 213.857) concentrations were determined by ICP-OES using a Perkin Elmer Optima 2000 DV optical emission spectrometer (Überlingen, Germany; method EPA, 1994) equipped with a cross-flow nebulizer and a quartz ICP torch. A Perkin-Elmer AS-90 Plus autosampler was used for automated sample handling. All measurements were performed in triplicate (RSD < 4%). External calibration was carried out using the atomic spectroscopy standard QCS 21 (Quality Control Standard, Perkin Elmer® Pure, USA). The equipment was cleaned at regular intervals with MilliQ water (Millipore, Saõ Paulo, Brazil) and 10% nitric acid matrix to prevent sample memory effects. The operating conditions of the ICP-OES equipment are given in Table 1 . Ca concentration was estimated by the EDTA volumetric method (APHA, 1993) . All measurements were performed in triplicate. The digestion and analytical procedures were checked by analysis of Otolith Certified Reference Material for trace elements (FEBS-1, National Research Council, Canada). Replicate analysis of this material showed good accuracy, with the following metal recovery rates: 93% for Sr and 110% for Ca. The element:Ca ratios were expressed in mmol mol -1 to standardize the concentrations of the elements in relation to Ca.
Statistical Analysis.
To avoid possible age effects on the otolith element:Ca ratios, four different age groups were defined (Table 2 ). An analysis of covariance (ANCOVA) was then used to determine the effect of fish length on the study variables within each age group. Variables that were significantly correlated to fish length were corrected using the common within-group slope (b) for the variable on fish length (e.g., Reist, 1985; Begg et al., 2001; Cardinale et al., 2004; Galley et al., 2006; Burke et al., 2008) . Subsequently, the otolith Sr:Ca and Zn:Ca ratios were compared among the three sampling sites and age groups using the Kruskal-Wallis non-parametric analysis of variance (Sokal & Rholf, 1995) . In addition, the relationship between otolith Sr:Ca and Zn:Ca ratios was evaluated for each sampling site and age group using discriminant analysis. The analyses were performed with the statistical software InfoStat ® . 
Results
Otolith Sr:Ca and Zn:Ca ratios. For all age groups, the otolith Sr:Ca ratio was similar (p>0.05) while the otolith Zn:Ca ratio was significantly different between fish from AUCFZ and fish from ER and SMG (p<0.05; Table 3 ). The relationship between the otolith Sr:Ca and Zn:Ca ratio and fish age, together with the significance levels from the Kruskal-Wallis test, are shown in Fig. 2a,b . The otolith Sr:Ca ratio significantly increased with age in the three sampling sites (Fig. 2) . The otolith Zn:Ca ratio decreased with age in all the study sites, but this was only statistical significant for ER (Fig. 2) . 
Dispersion analysis between the otolith Sr:Ca and Zn:Ca ratios.
In the dispersion analysis, all age groups data for ER and SMG tended to cluster at low values of the otolith Zn:Ca ratio ( Fig. 3a-d) , while data for AUCFZ tended to scatter at high values of this ratio (Fig. 3a-c) . Fig. 3 . Relationship between otolith Sr:Ca and Zn:Ca ratios (mmol mol -1 ) for Percophis brasiliensis from three areas. Data for ER and SMG tended to cluster, while data for AUCFZ tended to disperse. Separation of data of AUCFZ and ER-SMG is observed. Triangles: Argentine-Uruguayan Common Fishing Zone (AUCFZ), stars: San Matías Gulf (SMG) and black circles: El Rincón (ER).
Discriminant analysis.
The discriminant analysis showed an association between otolith Sr:Ca and Zn:Ca ratios in ER-SMG for the age groups 3-5, 6-7 and 8-9 years (Fig.  4a-c) . For all cases, the first axis explained most of the variability in the data, being the most important variable in this axis, Zn:Ca ratio (Table 4 ). No fish from the age group 10-11 years was captured in AUCFZ. Table 4 . Variability explained by the first canonical axis (% FCA) and eigenvalues from the discriminant analysis of otolith microchemistry (Figure 4, a-d) . Letters in brackets indicate the reference to Fig. 4 (a-d) . 
Discussion
The Brazilian flathead is a marine species that inhabits areas with different salinity levels throughout its life cycle. Juveniles and young adults (<4-7 years old) are distributed in relatively low salinity waters (20-30 SPU), while adults (>5-8 years old) are found in higher salinity waters (Barretto, 2007) . In AUCFZ, this parameter ranged between 22 and 33 SPU due to the in-flow of less salty waters from the freshwater plume of the Río de la Plata (Marrari et al., 2004) , which extends from 70 to 200 km into the open sea, depending on the river flow (Guerrero et al., 1997) . Waters from of ER are influenced by the discharge of the Negro River and Colorado River (Guerrero et al., 1997) . On this basis, the otolith Sr:Ca ratio was expected to vary along the study region. However, this ratio was similar among sampling sites for all age groups (Table 3) . Despite the memory effect that would have older samples due to the total digestion of otoliths, a positive relationship was observed between the Sr:Ca ratio and fish age (Fig. 2) . This is consistent with the movement of 4-to 7-year-old fish toward areas of higher salinity. However, it may also be related to changes in the rate of Sr incorporation into the otoliths due to physiological and ontogenetic factors. Brown & Severin (2009) indicated that the water Sr:Ca ratio was more homogeneous in marine environments than in freshwater or brackish environments. Therefore, the variation in the otolith Sr:Ca ratio in marine species is more likely due to physiological factors, rather than the result of the exposure to heterogeneous environments (Campana, 1999; Brown & Severin, 2009 ). Specific studies on Sr incorporation into the otoliths of P. brasiliensis are required to explain present results.
Coastal areas show great chemical heterogeneity due to upwelling, fluvial, and anthropogenic inputs, but often the pollutants that would contribute to such geographic variation in the concentration of Zn (Sturrock et al., 2012) . Zn was proposed as an indicator of habitat because its incorporation into the otoliths is influenced by the diet of fish (Ranaldi & Gagnon, 2008) . The significantly different otolith Zn:Ca ratio between Brazilian flatheads from AUCFZ and ER-SMG, both of which correspond to the latitudinal extremes of the study region (Table 3) , may suggest that they belong to different fish stocks. The otolith Zn:Ca ratio of fish from ER, located in the middle area of the study region, was significantly different from that of fish collected in AUCFZ but similar to that of fish from SMG (Table 3 ). In addition, a negative relationship was observed between this ratio and fish age. Considering that the otolith Zn:Ca ratio tend to decrease with water salinity (McCulloch et al., 2005) , present results are consistent with the movement of older specimens to areas of high salinity, as previously reported by Barretto (2007) .
On the other hand, an association was found between the otolith Sr:Ca and Zn:Ca ratios for fish groups from ER and SMG, with these groups being separated from the one located in AUCFZ (Fig. 3 ). This may be the result of interactions between Brazilian flatheads from ER and SMG, with both groups possibly constituting a stock. The discriminant analysis showed a separation between AUCFZ and ER-SMG for the age groups 3-5, 6-7 and 8-9 years, which was mainly explained by the otolith Zn:Ca ratio (Fig. 4) .
The results of the present study may suggest the potential occurrence of at least two fish stocks of P. brasiliensis in the southwestern Atlantic Ocean, between the latitudes 34-42°S and 51-67°W. One of them may be found in the north of the study region (AUCFZ, coast of Uruguay), while the other may be located in the south of this region (ER: 39°-41°S and 62°-64°W and SMG: 41° S and 63°W).
The occurrence of three different stocks of P. brasiliensis in the southwestern Atlantic Ocean has already been suggested by Braicovich & Timi (2008) , based on the analysis of parasite composition. According to these authors the stocks were located in AUCFZ, ER and SMG, respectively. The simultaneous use of the otolith Sr:Ca and Zn:Ca ratios did not allow us to differentiate populations from ER and SMG, but it allowed us to discriminate them from the population located in AUCFZ. Even though this result does not completely agree with those reported by Braicovich & Timi (2008) , it further supports the occurrence of different fish stocks. These populations may be divided, at least in part, by marine fronts. A high salinity water tongue from the SMG is located to the east of the relatively diluted waters of ER, and forms a north-south front (39°S) that induces seawater recirculation (Piola & Rivas, 1997) . Previous studies on adult fishes and ichthyoplankton have shown that this is an important breeding area for P. brasiliensis (Acha et al., 2012) , where seawater recirculation facilitates the retention of eggs and larvae and the life cycle of the species is completed (Rodrigues et al., 2010; Acha et al., 2012) . Hence, the low interaction between fish groups from AUCFZ and ER-SMG may be explained by the presence of a marine front. Fig. 4 . Discriminant analysis of the otolith Sr:Ca and Zn:Ca ratios for Percophis brasiliensis. Plot of the first two discriminant functions for each age group (a-d). An association was observed between data for ER and SMG, which were separated from data for AUCFZ. Triangles: Argentine-Uruguayan Common Fishing Zone (AUCFZ), stars: San Matías Gulf (SMG) and black circles: El Rincón (ER).
The simultaneous use of the Sr:Ca and Zn:Ca ratios of the sagitta otolith is a potential indicator of the habitat of P. brasiliensis along a latitudinal gradient in the southwestern Atlantic Ocean. The otolith Sr:Ca ratio was associated with fish age and could be used as an indicator of habitat. However, this ratio did not allow differentiating stocks of P. brasiliensis. The otolith Zn:Ca ratio tended to decrease with age and allowed the differentiation of two fish groups (AUCFZ and ER-SMG). For this reason, it could also be considered as a potential indicator of habitat. Based on these results, the incorporation of other otolith ratios (e.g., Ba:Ca, Mn:Ca, Mg:Ca, Li:Ca) to the analysis is suggested in order to complement the study of potential habitat indicators for the Brazilian flathead. This may validate the identification of fish stocks, thus contributing to the sustainable management of that resource in the southwestern Atlantic Ocean.
